Over time, peritoneal dialysis results in functional and structural alterations of the peritoneal membrane, but the underlying mechanisms and whether these changes are reversible are not completely understood. Here, we studied the effects of high levels of glucose, which are found in the dialysate, on human peritoneal mesothelial cells (HPMCs). We found that high concentrations of glucose induced epithelialto-mesenchymal transition (EMT) of HPMC, suggested by decreased expression of E-cadherin and increased expression of ␣-smooth muscle actin, fibronectin, and type I collagen and by increased cell migration. Normalization of glucose concentration on day 2 reversed the phenotypic transformation, but the changes were irreversible after 7 d of stimulation with high glucose. In addition, exposure of HPMC to high glucose resulted in a decreased expression of the antifibrotic cytokines, hepatocyte growth factor (HGF) and bone morphogenic protein 7 (BMP-7). Exogenous treatment with HGF resulted in a dosage-dependent prevention of high glucose-induced EMT. Both BMP-7 peptide and gene transfection with an adenoviral vector of BMP-7 also protected HPMCs from EMT. Furthermore, adenoviral BMP-7 transfection decreased peritoneal EMT and ameliorated peritoneal thickening in an animal model of peritoneal dialysis. In summary, high concentrations of glucose induce a reversible EMT of HPMCs, associated with decreased production of HGF and BMP-7. Treatment of HPMCs with HGF or BMP-7 blocks high glucose-induced EMT, and BMP-7 ameliorates peritoneal fibrosis in an animal model of peritoneal dialysis.
Long-term peritoneal dialysis (PD) is known to result in functional and structural alterations in the peritoneal membrane. [1] [2] [3] Although the exact mechanisms of peritoneal damage during PD still remain unclear, complex interactions of host and local factors, each components of unphysiologic conventional dialysate such as hypertonicity, high concentrations of glucose and lactate, acidic pH, and the presence of glucose degradation products (GDP) associated with an activation of inflammatory cytokine and various growth factors, all are responsible. 4 High glucose (HG) itself is proved to induce a profibrotic and proinflammatory reaction. 5, 6 HG upregulates the expression of ␤1 (TGF-␤1), 7, 8 vascular endothelial growth factor, 9 and monocyte chemoattractant peptide-1 10 with an induction of apoptosis of peritoneal mesothelial cells. 11 Most HG-associated effects were known to be mediated primarily by glucose itself or GDP, depending on parameters used for assessing functional and structural changes in peritoneal membrane or cells. 3, 12 Epithelial-to-mesenchymal transition (EMT) or mesothelial-to-mesenchymal transition of peritoneal mesothelial cells has been regarded as an early mechanism of peritoneal fibrosis. 13 Yanez-Mo et al. 13 demonstrated mesothelial cells from dialysate effluents showed a progressive loss of epithelial characteristics and acquired a fibroblast-like phenotype. EMT is a process whereby epithelial cell layers lose polarity and cell-cell contacts and undergo a dramatic remodeling of the cytoskeleton. 14, 15 Concurrent with a loss of epithelial cell adhesion and cytoskeletal components, cells undergoing EMT acquire the expression of mesenchymal components and manifest a migratory phenotype. 16, 17 Although EMT is a critical and physiologic process in embryogenesis and tissue repair, it can impose an unfavorable effect by promoting tissue fibrosis in nonphysiologic conditions. In several animal models of organ fibrosis, the inhibition of EMT could prevent the progression of tissue fibrosis, suggesting that EMT was an important mediator of organ damage. 18, 19 Although peritoneum in PD patients is continuously exposed to various unfavorable stimuli to residential cells, it may also have its own protective system against profibrotic and proinflammatory insults. Hepatocyte growth factor (HGF) and bone morphogenic protein 7 (BMP-7) are intrinsic antifibrotic factors that prevent organ fibrosis 20 -23 ; however, their roles in peritoneal fibrosis have not been extensively studied. Treatment of HGF was reported to prevent fibrosis and angiogenesis of peritoneum associated with an enhancement of peritoneal cell proliferation and viability. 24, 25 There was also a brief report showing the beneficial effect of BMP-7 on phenotypic transformation of peritoneal cells in ex vivo study 26 ; however, despite a demonstration of the presence of EMT of peritoneal mesothelial cells in patients undergoing PD, there have been few studies about the mechanism of peritoneal EMT, especially regarding the role of HGF or BMP-7.
In this study, we examined the effect of HG per se on EMT of cultured HPMCs and its reversibility with a removal of HG stimulation. Thereafter, we studied HG-induced alteration in the expression of intrinsic antifibrotic cytokines, HGF and BMP-7. We also investigated whether the treatment of HGF or BMP-7 can prevent or reverse EMT of peritoneal cells. Because there has been no in vivo study regarding the effect of BMP-7 on peritoneal fibrosis, we examined the effect of BMP-7 gene transfer on EMT and peritoneal fibrosis in an animal model of PD.
RESULTS

Effect of HG on EMT of HPMC and Its Reversibility
Exposure of HPMCs to HG solution (30, 60 , and 120 mM D-glucose) for 2 to 7 d decreased the mRNA expression of epithelial cell marker E-cadherin, associated with an increase in the expression of mesenchymal markers, ␣-smooth muscle actin (␣-SMA), fibronectin, and collagen type I (Figure 1 ). L-Glucose changed the expression of none of these markers (Figure 1 ), which suggested not high osmolality but HG per se induced EMT of HPMCs. Figure 2 shows the change in protein expression of E-cadherin and ␣-SMA on days 2 and 7 of stimulation. Morphologic changes of cultured HPMCs on days 2 and 7 are shown in Figure 3 . There were no significant changes in the characteristic cobblestone-like appearance of HPMC monolayer on day 2; however, loss of cell contacts with an acquisition of elongated fibroblastoid morphology was observed after 7 d of HG stimulation ( Figure 3C ). Immunofluorescence staining demonstrated a gradual decrease in cytokeratin, a marker of epithelial cells, and an increase and reorganization of SMA filament as early as 2 d of HG stimulation ( Figure 4) .
Interestingly, a change of culture medium after 2 d of stimulation with HG into normal glucose medium resulted in a reversal of altered expression of E-cadherin and ␣-SMA after an additional incubation for 2 d ( Figure 5) ; however, 7 d of stimulation of HG followed by incubation of normal glucose medium for 2 d was not associated with a reversal of EMT. This finding suggests HG-induced EMT of HPMC is reversible at early time points but becomes irreversible at late time points.
To examine whether HG-induced phenotypic alteration was associated with the change of cell motility, we used a transwell migration method using the Boyden chamber. As shown in Figure 6 , HG stimulation for 48 h induced an increased migration of HPMC. To investigate whether HG-induced change in cell migration was caused by an enhancement of cell proliferation, we used 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. Despite that HG per se increased cell migration, it inhibited cell proliferation (Figure 6B ) on day 2, indicating that the HG effect on cell migration was not caused by an increase of cell proliferation.
Effect of HG on HGF and BMP-7 Production
To investigate the mechanism of HG-induced EMT, we first examined whether HPMCs constitutively expressed two key antifibrotic factors, HGF and BMP-7, and whether the expression of HGF and BMP-7 was altered by HG stimulation. As shown in Figures 7 and 8 , HPMCs constitutively expressed HGF and BMP-7, suggesting that HPMCs have their own protective system against fibrosis. Baseline amounts of HGF and BMP-7 protein assessed by ELISA were 100.5 Ϯ 12.5 and 104.6Ϯ 20.3 pg/mg, respectively. Interestingly, HG stimulation significantly decreased HGF and BMP-7 mRNA and protein expression (Figures 7 and  8 ). Especially HGF mRNA expression had decreased to 8.8% of control at 24 h after HG stimulation. Decreased production of HGF and BMP-7 protein by HG stimulation was also confirmed by ELISA ( Figures 7C and 8C ).
Effect of HGF on HG-Induced EMT of HPMC
Because we observed that HG stimulation decreased the expression of antifibrotic cytokines associated with EMT, we examined the effect of HGF or BMP-7 treatment on HG-induced EMT.
Treatment of HPMCs with recombinant human HGF (10, 20, and 30 ng/ml) showed a dosage-dependent amelioration of HGinduced changes in markers of EMT on days 2 and 7 ( Figure 9 ). HGF treatment significantly protected cells from EMT at concentrations of Ͼ20 ng/ml HGF, whereas no effect on EMT was seen with 10 ng/ml HGF except E-cadherin mRNA expression on day 7. Effect of 20 ng/ml HGF on E-cadherin and ␣-SMA protein expression is shown in Figure 7D . HGF treatment also reversed the HG-induced increase in cell migration at 48 h (data not shown).
Effect of BMP-7 on HG-Induced EMT of HPMC
We examined the effect of BMP-7 on HG-induced EMT in two ways: Via the treatment of BMP-7 peptide and BMP-7 gene transfer. Figure 10 shows a significant increase in BMP-7 production up to 7 d of gene transfection in HPMCs. Either BMP-7 peptide treatment (1 to 100 ng/ml) or BMP-7 transfection significantly ameliorated HG-induced changes in mRNA expression of E-cadherin, ␣-SMA, fibronectin, and collagen I from days 2 to 7 ( Figure  11 ). Consistent with mRNA data, BMP-7 treatment resulted in an amelioration of HG-induced changes in E-cadherin and ␣-SMA proteins of HPMCs on day 7 ( Figure 11D ). BMP-7 treatment also resulted in a reversal of HG-induced increase in cell migration at 48 h (data not shown). BASIC RESEARCH www.jasn.org to day 7 but returned almost to the pretreatment level on day 14 shown in X-gal staining ( Figure 13 , A through D) and Western blotting ( Figure 13E ). After 6 wk of experimental PD in rats, the thickness of the peritoneal membrane in group D was significantly increased compared with group C. Peritoneal rest for 2 wk after 6 wk of PD (group R) resulted in decreased peritoneal thickness (Figure 14) , suggesting that peritoneal fibrosis is a reversible process with a removal of offending stimuli. Treatment of BMP-7 showed an additional benefit in terms of peritoneal fibrosis as evidenced by decreased peritoneal thickness in group B compared with groups R and L. Altered expression of E-cadherin and ␣-SMA in the dialysis group (group D) was reversed by peritoneal rest (group R), which was further ameliorated by BMP-7 transfection (group B; Figure 15 ). Adenoviral gene transfer of LacZ (group L) showed no additional benefit in reversing EMT and peritoneal thickening compared with group R. Immunofluorescence stain also demonstrated that BMP-7 gene transfection reversed an alteration of the expression of cy- tokeratin and ␣-SMA in peritoneal membrane of animals in group D (Figure 16 ). An increase in the number of submesothelial dual-stained cytokeratin-and ␣-SMA-positive myofibroblasts in group D was ameliorated by peritoneal rest (group R), which was further decreased by Adv-BMP-7 transfection (group B).
DISCUSSION
Phenotypic transition of peritoneal mesothelial cell to mesenchymal cell ("EMT' of peritoneal mesothelium) has been recognized as an important mechanism of peritoneal fibrosis. 13, 27 A recent article 28 also demonstrated the association of EMT and ultrafiltration failure in PD patients, which highlighted the clinical significance of peritoneal EMT as a cause of peritoneal dysfunction and damage; however, there have been limited data regarding the exact mechanism of peritoneal EMT and the role of each component of peritoneal dialysate on EMT.
No study yet has shown whether HG itself is responsible for peritoneal EMT. Our study demonstrated HG per se induced EMT of cultured HPMCs for the first time. HG-induced EMT seemed to be due to glucose per se and not related to high osmolality, because L-glucose, a compound sharing osmotic properties of D-glucose but presenting different intracellular metabolism and metabolically inactive, did not induce EMT. HG-induced phenotypic transition was observed as early as 48 h of stimulation before any significant morphologic changes of cells, which suggests HG-induced alteration in cell phenotype may be one of the earliest phenomena of peritoneal damage. 29 There were several reports about the EMT of mesothelial cells of different origins. 13, 30, 31 Most of those studies demonstrated EMT at later time points than in our study with transformation into fibroblastoid morphology. Yang et al. 32 showed myofibroblastic conversion of cultured mesothelial cells by stimulation of TGF-␤ for 1 wk, and Vargha et al. 26 also demonstrated EMT of mesothelial cells from peritoneal effluent after 7 d of stimulation of TGF-␤. Early phenotypic transformation of HPMCs before the development of morphologic change suggests an important clinical relevance suggesting an early intervention targeting EMT before morphologic changes of cells may protect the peritoneum from the fibroblastoid cell transformation of mesothelial cells and further peritoneal fibrosis. Consistent with this speculation, early phenotypic transformation of HPMCs was reversible in our experiment. Although peritoneal fibrosis was regarded as a relentless process once it started, 33 HG stimulation for 48 h followed by a removal of HG milieu resulted in a significant reversal of EMT of HPMCs with epithelial redifferentiation to prestimulation level. Consistent with in vitro experimental results, in an animal model of PD, peritoneal rest after 6 wk of dialysis with 4.25% HG-based dialysate resulted in a reversal of EMT and peritoneal thickening. However, HG-induced EMT after 7 d of stimulation was not reversible in our experiment, suggesting EMT is a reversible process at early time points but may result in an irreversible phenotypic transformation with prolonged stimulation with unphysiologic dialysate. Aguilera et al. 34 also demonstrated a time dependence of EMT reversal by rapamycin. Rapamycin showed a mild protective effect on TGF-␤-induced EMT of mesothelial cells at early time points; however, it was not able to inhibit the fibroblast-like phenotypic transformation on day 7 of TGF-␤ stimulation. 34 As a potential mechanism of HG-induced EMT of mesothelium, we investigated the alteration of local expression of anti- BASIC RESEARCH www.jasn.org fibrotic factors. Our body has its own protective system against various fibrotic and inflammatory stimuli. One of these defense systems is an expression of antifibrotic peptide. HGF is known to play a crucial role in the repairing process of tissues in a reciprocal manner against TGF-␤. 35 HGF inhibited the development of interstitial fibrosis in various animal model of renal progression. 18 HGF also prevented the thickening of rat peritoneum induced by PD with an amelioration of advanced glycation end product accumulation and a decrease in TGF-␤ expression. 25 A recent study 36 also revealed that peritoneal injection of HGF-transfected mesothelial cells in an animal model of encapsulating peritoneal sclerosis improved peritoneal fibrosis. In vitro study using peritoneal mesothelial cells revealed a beneficial effect of HGF on viability and regeneration of cells 37 ; however, there have been no studies regarding whether human peritoneal mesothelial cells express HGF, and each component of dialysis is responsible for an alteration in HGF expression. Our study demonstrated HPMCs constitutively synthesized HGF. More importantly, HG per se decreased HGF production, suggesting a natural antifibrotic mechanism of peritoneum against fibrosis was weakened by HG stimulation. Interestingly, HG-induced EMT was reversed by HGF treatment, suggesting a link between a decreased HGF expression and EMT of HPMCs. Constitutive expression of HGF with a capacity to reverse EMT of mesothelial cells may be one of the mechanisms by which some patients can maintain relatively stable peritoneal function despite a continuous exposure to peritoneal dialysate of an unphysiologic component.
HGF treatment was proved to block TGF-␤-induced EMT of renal tubular cells by the mechanism of inducing Smad transcriptional co-repressor SnoN, which interacted with activated Smad-2 by formation of inactive complex. 35 Although we did not explore the mechanism of HGF-induced reversal of HGinduced EMT of HPMCs in this study, HG might induce EMT of HPMCs with a decrease in HGF expression by an activation of TGF-␤ because HG is also a strong inducer of TGF-␤ expression of HPMCs. 7, 8 Another important finding of our study is a dosage dependence of the effect of HGF. Blockade of HG-induced EMT was seen at the concentrations of HGF Ͼ20 ng/ml, whereas a lower dosage of HGF did not reverse HG-induced EMT. Matsuo et al. 24 also reported that an HGF level Ͼ30 ng/ml reversed an inhibition of cell proliferation by HG. In experimental renal disease, the therapeutic value of HGF was established at a relatively high dosage of 500 g/kg per d to 5 mg/kg per d 38, 39 ; however, HGF prevented the histologic changes in peritoneum of an animal model of PD at a lower dosage of 4 g/kg per d, which might be due to direct administration of HGF on targeting tissue by adding to peritoneal dialysate in a rat model of PD. 25 An article by Rampino et al. 40 showed that a high concentration of HGF (50 ng/ml) caused a fibroblast-like change and a detachment of cells from peritoneal membrane. These findings suggest that an antifibrotic effect of HGF may be dosage dependent with variable therapeutic dosages that depend on experimental conditions, types of animal model, and route of administration.
Another important antifibrotic peptide is BMP-7. BMP-7 is a 35-kD homodimeric protein and member of the TGF-␤ superfamily. BMP-7 is expressed highest in the kidney and maintains the renal tubular epithelial cells in a mature and functional state by preventing TGF-␤-induced disruption of tubular epithelial polarity. 41, 42 Acute and chronic renal injury was reported to be associated with a decreased BMP-7 expression and a recovery of renal function with normalization of BMP-7 level. 43, 44 It was also shown repeatedly in various animal models and cell culture systems that BMP-7 treatment delayed progression of chronic renal disease and reversed TGF-␤-induced EMT of renal tubular cells 45, 46 ; however, there have been few articles about the effect of BMP-7 on mesothelial cells, and our study is the first to identify peritoneal mesothelial cells as a site of BMP-7 synthesis. BMP-7 expression was decreased by HG stimulation as in the case of an HG-induced decrease in HGF production and was normalized with a removal of HG stimulation (data not shown) associated with a reversal of EMT, suggesting a putative role of endogenous BMP-7 on HG-induced EMT. Furthermore, the replacement of BMP-7 was associated with a reversal of HG-induced EMT. In agreement with in vitro findings, adenoviral gene transfer of BMP-7 to peritoneum in an animal model of PD was associated with the additive therapeutic effect on peritoneal fibrosis compared with peritoneal rest. This study is the first to investigate the effect of BMP-7 gene transfer on peritoneal EMT and fibrosis in an animal model of PD. Adv-BMP-7 gene transfer to HPMCs or rat peritoneum resulted in an increased BMP-7 production to 7 d that was not maintained on day 14 after transfection; however, a protective effect on peritoneal EMT and fibrosis was still observed on day 14. Because we did not investigate peritoneal pathology on day 7, it was not clear whether better protection could be observed on day 7. Nonetheless, an early increase in BMP-7 production imposed a beneficial effect on peritoneal fibrosis at later time points. An article by Vargha et al. 26 showed that ex vivo treatment of BMP-7 peptide reversed TGF-␤1-induced EMT of mesothelial cells from peritoneal effluents of seven children. These findings raised the possibility of therapeutic use of BMP-7 to prevent peritoneal fibrosis in patients with long-term PD. One of the most interesting observations of our study was the reversibility of peritoneal EMT and fibrosis. Early EMT was reversible with a timely removal of offending stimuli; however, there was also a possible option to reverse EMT even after the development of peritoneal fibrosis. Both in vitro and in vivo data in our study demonstrated antifibrotic peptide treatment along with a removal of HG stimuli (in vitro) or peritoneal rest (in vivo) resulted in a reversal of phenotypic transformation and cell morphology and an amelioration of peritoneal fibrosis, suggesting a decreased production of antifibrotic peptides as a mechanism determining the irreversibility of EMT. This finding offers the novel therapeutic possibility to reverse peritoneal fibrosis with timely and active management.
We did not investigate the protective mechanism of antifibrotic factors in this article, especially related to TGF-␤ signaling. Considering the previous works from our group and others, alteration in HG-induced upregulation of TGF-␤-Smad signaling may be responsible for the effect of antifibrotic peptides. 7, 19, 25, 35 The other limitation of this study is that EMT and fibrosis observed in in vivo study can be due to HG per se and/or GDP, although in vitro EMT is not related to GDP in our experiment. Given the consideration of previous data, 47 we believe both HG and GDP are responsible for peritoneal damage, which can be reversed with treatment of antifibrotic peptides.
In summary, we observed a reversible EMT by HG per se associated with a decreased expression of antifibrotic cytokines HGF and BMP-7. Both HGF and BMP-7 ameliorated HG- BASIC RESEARCH www.jasn.org induced EMT of cultured mesothelial cells. BMP-7 gene transfer in an animal model of PD also resulted in an amelioration of EMT and peritoneal thickening. To the best of our knowledge, this article is the first to show the beneficial effect of BMP-7 on reversing EMT in an animal model of PD with a demonstration of de novo synthesis of HGF and BMP-7 of peritoneal mesothelium, which was reduced by HG stimulation.
CONCISE METHODS
Reagents
All chemicals and tissue culture plates were obtained from SigmaAldrich Co. (St. Louis, MO) and Nunc Labware (Waltham, MA), unless otherwise stated.
Isolation and Maintenance of HPMCs
HPMCs were isolated using a modified method of previous work from our group. 7 Briefly, a piece of human omentum obtained from consenting patients undergoing elective abdominal surgery was washed in PBS and incubated in 0.05% Trypsin-0.02% EDTA solution for 20 min at 37°C with continuous agitation. After incubation, the suspension was centrifuged at 50 ϫ g for five minutes at 4ϫC, and the cells were cultured in medium 199 containing 10% FBS, 100 U/ml penicillin, 100 g/ml streptomycin, and 26 mmol/L NaHCO 3 . Half the medium was exchanged 48 h after seeding; thereafter, the entire medium was replaced once every 3 d. HPMCs were identified by phase-contrast microscopy according to the morphologic criteria and by the immunofluorescence technique. 7 All experiments were performed using cells between the second and fourth passages. Tissue collection was approved by the ethics committee of the institution, and informed consent was obtained from each patient.
Exposure of HPMCs to HG
Subconfluent HPMCs grown in culture dish were incubated with serum-free medium for 24 h to arrest and synchronize the cell growth. After this period, the media were changed to fresh serum-free medium 199 containing normal glucose (5.6 mmol/L) or HG (30 to 220 mmol/L) for 48 h to 7 d with an exchange of media every 3 d. Preliminary experiments evaluating a time and a dosage dependence of glucose-induced EMT showed a plateau response at a concentration of 60 mM/L D-glucose ( Figure 1 ) without a significant cell toxicity evaluated by cell morphology and lactate dehydrogenase release (data not shown); therefore, we used 60 mM/L glucose for the rest of the experiment regarding HG-induced EMT. L-Glucose of the same concentration was used as an osmotic control.
Cell Morphology and Immunofluorescence Analysis of HPMCs
Cell morphology was analyzed under an inverted phase-contrast microscope (Axiovert 200; Carl Zeiss, Oberkochen, Germany), and the images were obtained by digital camera (AxioCam HRC; Carl Zeiss). For immunofluorescence staining, cells were washed and fixed in 4% phosphate-buffered paraformaldehyde (25 min at 20°C) and permeabilized with 1% Triton X-100 in PBS (15 min at 4°C). After washing with PBS, the cells were treated with 5% BSA in PBS for 1 h before incubation with primary antibodies specific for pan-cytokeratin (Dako, Carpinteria, CA) or ␣-SMA (Sigma) in 5% BSA overnight at 4°C. The cells were then washed with 0.2% Tween 20 in PBS before an incubation with goat anti-mouse IgG-FITC-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at room temperature in the dark. The nucleus was counterstained with DAPI, and the cells were visualized under the Axiovert 200 fluorescence microscope with 10 ϫ 0.3 and 20 ϫ 0.4 NA objectives equipped with AxioCam HRC digital camera. Digital photographs were obtained with Axiovision 4.3 (Carl Zeiss), and merged images were obtained using Photoshop 10 (Adobe Systems, Toronto, Ontario, Canada).
Extraction of Total RNA and Reverse Transcription
After each experiment, total cellular RNA was extracted by TRIZOL and contaminating DNA was removed using DNA-free DNAse. DNA-free RNA was reverse-transcribed into cDNA using the Superscript First Strand Synthesis System (Life Technologies BRL, Carlsbad, CA).
Real-Time PCR
Real-time PCR was performed on the ABI PRISM 7700 Sequence Detection System using SYBR Green I as a double-stranded DNA-specific dye according to the manufacturer's instructions (Applied Biosystems, Foster City, CA). The PCR reaction was carried out in 5 l of cDNA, 10 l of SYBR Green PCR master mix, and 5 pM of sense and antisense primers for a final volume of 20 l per reaction. Primer concentrations were determined by preliminary experiments that analyzed the optimal concentrations of each primer. All primers used in real-time PCR were designed using Primer Express 2.0 software (Applied Biosystems) and checked for homology in BLAST ( Table 1 ). The PCR conditions used were as follows: For E-cadherin, 35 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min; for ␣-SMA and collagen I, 30 cycles of denaturation at 90°C for 20 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s; and for fibronectin and glyceraldehyde-3-phosphate dehydrogenase, 35 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min.
At the end of each reaction, the melting curve analysis was done in one cycle of 95°C for 30 s and 65°C for 10 s, each with a temperature transition rate of 2°C/min, and then ramping to 95°C. A control without cDNA was run in parallel with each assay. The relative mRNA expression levels of the target genes in each sample were calculated using the comparative C T method. The C T value is the cycle number at which the fluorescence signal is greater than a defined threshold. At least three independent PCR procedures were performed to allow statistical analysis. The amount of The peritoneal thickness/body weight (m/g) assessed by morphometric analysis is increased in group D compared with group C (control) and group R, which is further decreased in group B. *P Ͻ 0.05 versus other groups; †P Ͻ 0.05 versus groups D, R, and L. Horizontal lines at the top, middle, and bottom of the boxes show the 75th, 50th, and 25th percentiles, respectively, and vertical lines above and below the boxes show the 90th and 10th percentiles, respectively. Magnification, ϫ400.
BASIC RESEARCH www.jasn.org PCR products was normalized with housekeeping gene glyceraldehyde-3-phosphate dehydrogenase to determine the relative expression ratios for each mRNA in relation to the control group.
Western Blotting for E-Cadherin, ␣-SMA, HGF, and BMP-7
Protein samples isolated from cell lysate or whole parietal peritoneal tissue homogenate (30 g) were mixed in reducing buffer, boiled, resolved on 7.5% SDS-PAGE gels, and transferred to a polyvinylidene difluoride membrane by electroblotting. Membranes were blocked in 5% wt/vol nonfat milk powder in Tris-buffered saline for 30 min at room temperature. Then, blot was incubated overnight in blocking solution with primary antibody at 4°C. Mouse mAb to human E-cadherin (BD Bioscience, Bedford, MA) and human ␣-SMA (Sigma), rabbit polyclonal human HGF (Santa Cruz Biotechnology), and goat polyclonal human BMP-7 (Santa Cruz Biotechnology) were used. After washing the blot with TBST, blot was incubated with alkaline phosphatase-conjugated secondary antibodies corresponding to each primary antibody and enhanced chemiluminescence detection (Santa Cruz Biotechnology). Positive immunoreactive bands were quantified by densitometry and compared with the expression of human ␤-actin (Sigma).
ELISA for HGF and BMP-7
HGF or BMP-7 protein production from HPMCs was also evaluated by ELISA (R&D Systems). Experiments were performed in triplicate and verified on four to six occasions. Cells were cultured in six-well plates and incubated with HG for 48 h after complete serum restriction for 24 h. Cell protein concentration was expressed as total BMP-7 or HGF per milligram of cell protein (pg/mg).
Cell Migration and Proliferation Assay
Changes in cell migration as a marker of EMT was assessed using a modified six-well Boyden chamber with 8-m pore polyvinylpyrrolidonefree polycarbonate membranes (Neuro Probe Inc., Gaithersburg, MD). Filters were immersed overnight in 130 g/ml matrigel (10 g/ml; Becton Dickenson, Franklin Lakes, NJ) in PBS at 4°C. HPMCs were seeded onto the top of the transwell filter; when confluent, cells were serum-deprived for 24 h before addition of HG (120 mM) with or without HGF (20 ng/ml; R&D Systems) or BMP-7 (10 ng/ml; R&D Systems) to the lower chamber under serum-free conditions. After 48 h of incubation, the filters were fixed with 3% paraformaldehyde with 1% crystal violet in PBS. The upper surface of the filter was carefully wiped with a cotton-tipped applicator. Cells that passed through the filter pores and attached to the undersurface of the filter were counted at at least four high-power fields (ϫ400). Each sample was assayed in triplicate in four separate experiments.
For the measurement of cell proliferation of HPMCs, MTT uptake assay was used. The cells grown and stimulated with HG for 48 h in a 96-well plate were washed with PBS with addition of 100 l of 5 mg/ml MTT. After incubation at 37°C for 4 h, the formazan product was generated and subsequently solubilized by the addition of 100 l of SDS lysis buffer (20% wt/vol SDS, 50% vol/vol dimethylformamide, 2% vol/vol acetic acid, and 0.06% vol/vol hydrochloric acid) at 37°C overnight. The absorbance at 600 nm was read using a 96-well plate reader (Dynex Revelation, Dynex Ltd., Billingshurst, UK).
Treatment with HGF or BMP-7
To evaluate the effect of HGF or BMP-7 on HG-induced EMT, we treated cells with recombinant HGF (approximately 10 to 30 ng/ml) or BMP-7 (approximately 1 to 100 ng/ml) simultaneously with HG or after the removal of HG stimulation.
Construction of Recombinant Adv-BMP-7 Gene
To further investigate the effect of BMP-7 on EMT of mesothelium, we also used Adv-BMP-7 gene. Adv-BMP-7 was provided by Dr. Jae Ryong Kim (Yeungnam University, Daegu, Korea). 48 Briefly, human BMP-7 genes were amplified with PCR and cloned into PCR2.1 vector using PCR2.1-ToPo TA cloning kit. Restriction enzymatic analyses and DNA sequencing were used to confirm the accuracy of the PCR2.1-BMP-7. Adv-BMP-7 were produced using AdEasy vector system (Q-BIOgene, Carlsbad, CA). BMP-7 cDNA from PCR2.1-BMP-7 was inserted into the HindIII and XbaI restriction sites of pShuttle-CMV vector. pShuttle/ BMP-7 plasmids were linearized with restriction enzyme PmeI and sub- sequently co-transformed into Escherichia coli with pAdEasy-1 vector using electroporator (Bio-Rad, Hercules, CA). Recombinants were selected for kanamycin resistance. Recombinant plasmids were transfected into the adenovirus packaging cell line HEK293 (American Type Culture Collection, Manassas, VA).
Gene Transfer of BMP-7 to HPMCs
HPMCs were pretreated with 500 l of serum-free medium containing 10 multiplicity of infection of Adv-lacZ or Adv-BMP-7 for 4 h and then incubated with 1.5 ml of serum-free medium for 24 h. Efficiency of viral infection with a production of BMP at 68°C (2 min) for 35 cycles with a final extension at 68°C for 7 min. PCR products were fractionated by 1% agarose gel electrophoresis and stained with 0.5 g/ml ethidium bromide (Life Technologies BRL, Rockville, MD). The identity of the PCR products was confirmed using a 100-bp ladder (Life Technologies-BRL) as the DNA standard.
Animal Model of PD
A chronic infusion model of animal PD was used as described previously. 49 Briefly, 40 male Sprague-Dawley rats (250 to 300 g) were divided into five groups with eight rats each, and permanent PD catheters were inserted: Control group (C), which had catheter without dialysis solution infusion; dialysis group (D), which was infused with 4.25% glucose dialysis solution for 6 wk; rest group (R), which had 2 wk of rest after 4.25% glucose dialysis solution infusion for 6 wk; BMP-7 group (B), which was infused with 4.25% dialysis solution for 6 wk followed by 2 wk of rest after intraperitoneal injection of BMP-7 adenoviral vector (Adv-BMP-7); and LacZ group (L), which had 6 wk of 4.25% dialysis solution infusion with 2 wk of rest after intraperitoneal injection of control adenoviral vector (Adv-LacZ). Groups D, R, B, and L were infused with 25 ml of 4.25% glucose dialysis solution (Dianeal; Baxter Healthcare Ltd., Singapore) two times a day for 6 wk. In groups B and L, the animals received 1 ϫ 10 9 infectious unit of adenovirus. At the end of 6 wk, the rats in group D were killed, and all other rats of groups C, R, B, and L were killed at 8 wk.
Serial expression of BMP-7 and ␤-galactosidase after injection of adenoviral vector was evaluated by Western blotting with tissue homogenate and by 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (Xgal) staining of abdominal wall, respectively. Adv-LacZ encodes the enzyme ␤-galactosidase, which can be detected enzymatically using X-gal as a substrate. For X-gal staining, the abdominal wall tissues were incubated with 1 mg/ml X-gal (Amresco, Inc., Solon, OH) for 4 h at 37°C in PBS solution containing 35 mM K 3 Fe(CN) 6 , 35 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 , 0.02% NP-40, and 0.01% sodium deoxycholate. The tissues were embedded in graded (10 to 30%) sucrose solution and then OCT solution for frozen section. Subsequently, 5-m tissue sections were stained with nuclear fast red (Sigma) for routine light microscopic examination.
Morphologic and Immunofluorescence Analyses of Peritoneum
The parietal peritoneum of abdominal wall was fixed with 4% paraformaldehyde (pH 7.4) and embedded in paraffin. The thickness of the peritoneal membrane was measured in tissue sections stained with Masson-Trichrome under light microscopy (ϫ40). The thickness of the submesothelial matrix was measured using the computer program Optimas 6.0 (Optimas Corp., Bothell, WA).
For immunofluorescence microscopy, 3-m tissue sections were incubated with primary antibodies against cytokeratin (Thermo Fisher Scientific, Fremont, CA) or ␣-SMA (Abcam, Cambridge, UK) at 4°C overnight after antigen retrieval in boiling citrate buffer (pH 6.0) for 10 min. Sections were then incubated for 1 h with fluorescein-conjugated secondary antibodies (Alexa Fluor 488 and Alexa Fluor 568; Molecular Probes, Eugene, OR), and slides were mounted with antifade mounting reagent (Molecular Probes). These sections were viewed under a confocal scanning laser microscope using LSM 5 EXCITER (Carl Zeiss).
Statistical Analysis
All data are presented as means Ϯ SD. Differences in the various parameters for each time point and conditions were examined by repeated measure ANOVA. When variance reached statistical significance, the means were analyzed using Kruskal-Wallis ANOVA. Significance was defined as P Ͻ 0.05.
